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Abstract
In this paper an algorithm for implementing a digital map based on the path traveled by a vehicle manipulated in a Virtual 
World is presented. The algorithm sets the position of a virtual vehicle in a 3D coordinate system and determines the angle
of direction to decide which parts of the road can be modeled as lines or curves. The least square method is employed to
estimate the roads position based on the pattern of the route followed by the vehicle, with this purpose the equation of
circle in curves and a polynomial equation in lines are employed. Two main steps are considered: the first one considers
the VW creation using real GPS data and the second one simulates GPS data through a vehicle in the VW, such that, the
analysis of GPS data simulated and the real data validates the proposed algorithm for building digitalized roads. The
network of roads in the Virtual World simulate a suburb where is desired to implement a digital map, these roads are
based on real GPS data of Guadalajara city. The proposed algorithm uses the data obtained with the virtual vehicle to
estimate the position of the roads in the VW that was originally constructed with GPS data. It is verified that sampling the
vehicle trajectory based only in the sampling time induce errors in the road estimation, then the position of the vehicle is
sampled considering a minimum distance between samples.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Global 
Science and Technology Forum Pte Ltd
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1. Introduction
Usually the methods to generate digital maps for representing a city are based on physical maps using the
topography information of the place geometry and in real measurements of the roads size, then this data is
complemented with other process (as aerial photographs or videos) that requ ire expensive infrastructure. The
applications of digital maps are many as in the area of mobile geographic information systems or road traffic
management [1], also in the pro jection of positioning measurements used for driver assistance, emergency and 
incident management, arterial and freeway management [2]. The application of interest of this paper is to
determine the position of a moving vehicle in a VW to estimate the digital map of the traveled roads.
A GPS (Global Positioning System) can be used as a vehicle tracking system with applications in navigation
systems, dynamic route guidance systems, fleet management and collision avoidance systems [3]. A GPS
offers affordability and convenience, however suffers of satellite masks that happen when the vehicle is in a
tunnel, bridge or forest, as a result errors in the measurements are involved. In [4], according to Jihua Huang et 
al., there are some requirements that a positioning system (e.g. a GPS) should satisfy, there are accuracy, 
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latency and reliability, described next: 
 Accuracy: The system should be able to distinguish the lanes in a road; the error should be of 1m for a 
lane with width of 2-4m. 
 Latency and bandwidth: The sample of the system (sensor and signal processing) should occur faster than 
the vehicle dynamics, this last occur at 2-3 Hz, then a sampling frequency of 10 Hz is suitable. 
 Reliab ility and availability: The positioning system should be able to provide accurate info of the vehicle 
position under normal conditions. 
The proposed scenario to perform the experiments of this paper is a VW because it is required to determine the 
accuracy of the proposed method for subsequent applications in the real world. The roads of the VW are built 
considering real GPS data; these roads may represent a suburb of a city which has not been contemplated yet 
in a digital map or located in rural zones or remote areas .  
The algorithm presented in this paper execute two main processes: the first built the roads in a VW based on 
real GPS obtained in Guadalajara city, these roads can represent a part of the city that is desired to translate a 
digital map. The second: a vehicle in the VW is controlled with the keyboard and it is guided through the 
roads; the position of the vehicle in a 3D coordinate system is measured each second. This process represents a 
device that can deliver the vehicle position according to a defined space, e.g. a GPS handles latitude, longitude 
and altitude, but conversions to other metrics can be implemented. Once the data of the vehicle trajectory is 
recorded the proposed algorithm determines the position of the roads in the coordinate system of the VW. 
 
2. Background 
 
The process to determine the location of an object on a road, whereby the positioning informat ion is fused with 
a digital road network map it is known as map  matching. The s uccess of this process depends on the quality of 
the map and in the accuracy of the object position measured by the navigation system. In [5], a  road model for 
vehicle localization and driver assistance using a map matching technique is proposed by Chenhao Wang et 
al., in  this work, the orientation variat ion between points to estimate the road curvature is considered. In the 
road reconstruction is used road geometries as the clothoid and circle curves which are divided by sections and 
the orientation and curvature is calculated. The vehicle orientation is obtained from the angle between a pair of 
points of the road derived from the nearest point with the vehicle and is used in the curvature calculation. 
Dig ital maps are normally represented in a g lobal coordinate system, while depending  on the sensor used to 
get the vehicle position the results are presented, using a GPS is the case of latitude and longitude. In the work 
presented by Tiehu Fan et  al. [6], it is required  convert the positioning GPS data that is in the last standard 
WGS-84 (World Geodetic System) to a Gauss plane, this is achieved through Gauss projection formulas, 
therefore when the vehicle is matched to a road the information of the road in frastructure can be used for 
applications as vehicle control systems. 
Road maps sometimes omit information as missing links or not present all the roads or those that are under 
construction, also present road curves interpolated as linear segments. The inaccuracies of the map  in addition 
with the inaccuracies of the navigation system represent a problem to complete  a map  matching process. 
Oleksiy Mazhelis [2] implements a map matching method based on a probabilistic  approach where the 
probabilities of get the most likely road link and the location is estimated using probabilistic Bayesian theory.  
Virtual Cities (VC) can be used as a source of informat ion to prove different hypothesis related to vehicle geo-
localization, i.e. the VC is the scenario that replace the real world and provides a controlled lab to implement 
experiments. In [7], Jing Peng et al. proposes a process to verify if a GPS is given the correct position, a real 
car is equipped with a laser scanner to obtain a set of distances, this data is compared  with the data obtained 
from a v irtual laser (i.e. the data obtained from the v irtual camera) used in  a 3D city model, the vehicle 
position is estimated matching real and virtual data. 
In [8], an integration of W i-Fi and GPS is developed by Henghui Lu  et al. and it is used to resolve the 
inconsistencies of a GPS, this process uses a Wi-Fi Received Signal Strength (RSS), a GPS and vehicle 
kinemat ics in order to determine the position of a vehicle. If an error in the GPS measurements is detected, the 
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vehicle position is determined through Wi-Fi signal using fingerprinting algorithm, to afford the d ifferences 
between the Wi-Fi and GPS positioning a weighting scheme is used to perform the integration; the weight 
values are a function of the positioning residues, these are the difference between the filter and the position of 
the GPS or Wi-Fi. The metric for evaluating the accuracy of the method is the Root Mean Square  Error 
(RMSE), that is used to define the difference between the calculated and the actual vehicle position.  
 
3. Methodology 
 
In this section is exp lained the process to perform the road estimation, this includes the management  of the 
input data, the calculation of the vehicle heading angle and the sampling frequency selection. 
 
3.1 Input data 
 
The Virtual World consists of a Network of Roads (NR) representing the different road segments that are 
constructed based on real GPS data. The data is read from a file with csv extension and the algorithm process 
this data and construct the roads when the simulation stars, these roads represent  the suburb where is desired to 
implement the digital map. A vehicle  controlled with the keyboard is used to drive on the roads of the VW and 
its position  is recorded through time t  T, where x  and y compose a coordinate system (the z-axis 
is omitted to simplify  the analysis) and T is the total simulation time. The road  segments can be divided in  two 
groups, linear segments (LS) and curve segments (CS), where . Then LS is composed with all 
the linear segments in the path  and CS represent the curve segments   . 
The proposed algorithm estimates the coordinates  that integrate  and  to construct the  
(i.e. the estimated Network of roads) based on the coordinates that conform the vehicle trajectory .  
 
3.2 Heading angle 
 
The coordinate of the points obtained with the vehicle in  the VW are stored each one second (the sampling 
frequency of a standard GPS), also along the path is calculated the heading angle of the vehicle denoted as 
this is determined according to the change between  with , the change in the axis 
is denoted as  and , an increase in the numerical value it is considered as 
"positive", a decrease "negative", and without change is "neutral", the possibilities are presented in table 1. 
 
Table 1. Calculation of the heading angle. 
 
Coordinates evolution Heading angle 
  
  
  
   
  
  
  
  
 
The change of the heading angle between  with 
 is denoted as  and is employed to determine the segment type which the points belongs, if the 
change of the heading angle is under a specific threshold indicate that the vehicle is driving in a straight line, 
values up the threshold indicate that the vehicle is driv ing 
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and can be set as a constant (depending on the sampling frequency), the condition to construct LS and CS is 
presented in table 2. 
 
Table 2. Condition for segments integration. 
 
Condition Segment to belongs 
   
  
 
3.3 Sampling frequency 
 
The sampling frequency to get the position of the vehicle is one second, in addition if the vehicle remains 
stopped or driving  to slow, the obtained points are similar (or equal in  the first case), and could be considered 
as unimportant data in the analysis. These points are accumulated without a significant difference of distance 
between them, i.e. are concentrated in a short length, this implies that in the estimat ion process these points 
have more weight that the points obtained when the vehicle is at higher speeds , for this reason the points are 
measured each meter in addition to each second (see table 3), i.e. the sampled points are contemplated in the 
estimation process only if the Euclid ian distance between them is at least one meter, the parameter to set the 
condition is  
 
Table 3. Sampling frequency condition.  
 
Euclidian distance Belongs to 
  
  
 
3.4 Curve Segments 
 
After the points that belong to curve segments  are determined, the least square method is employed to estimate 
the set of points  to construct . 
In the case of curve segments the circle equation (1) is used to estimate the trajectory,  
 
                                                                                                                        (1) 
 
Where the coordinate  is the orig in of the circle and  is the rad io, the coordinates (  is the data 
obtained from the trajectory of the vehicle. Considering the equation (1) is obtained equation (2), 
 
                                                                                                                       (2) 
 
The parameters defined are . Deriving equation (2) respect to 
each parameter and grouping in a matrix is obtained (3), 
 
                                                                             (3) 
 
Solving for the parameters in equation (3) is obtained . 
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Once the origin and the radio of the circle are estimated, the error (4) is the difference between the radio and 
the Euclidian distance of each point with the origin,
|                                          (4)
In order to estimate the full circle composed by the equation (5) is employed,
(5)
Where the coordinates represent the estimated points, and , with the resolution. A 
procedure to select the points that conform is presented in table 4.
Table 4. Condition to integratecurve segments.
Condition Curve segment
The estimation process is applied for each curve in the vehicle trajectory. In the case of consider the
perpendicular axis to the plane defined in the VW the sphere equation (6) can be used in the curve estimation 
process instead of circle equation.
(6)
3.5 Linear segments
The set of points that conform are estimated employing a polynomial equation (7) of order m,
                                                                                                 (7)
Where with i are the points that integrate the vehicle trajectory in a linear segment and
are the parameters to compute. The error is expressed in equation (8) and (9),
(8)
(9)
The following conditions are imposed (10),
                                             
(10)
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(a) (b) 
The equation (10) is arranged in a matrix and is solved for , then with equation (7) are obtained the 
estimated points , this procedure is repeated for each linear segment in the vehicle trajectory, i.e . 
. 
 
4. Algorithm and Proposal 
 
The approach presented in the methodology is part of the proposal as well the algorithm presented below: 
_________________________________________________________________________________________ 
Input: Real GPS data,  
Output:  
_________________________________________________________________________________________ 
1. Build the network of roads implemented in a Virtual World based on real GPS data. 
2. Set the input vector , where  represent the coordinates of the vehicle trajectory,  
and  are the parameters to determine the segment type and the sampling frequency, respectively.  
3. Define the output vector , where  are the estimated coordinates based on the vehicle 
trajectory,  is the heading angle. 
4. From the first point of the vehicle trajectory  to the last point  do: 
Calculate  with the pair  
Determine if    
     End While 
5. Considering the VW  of step 1, estimate the coordinate of the points  based on the points that 
conform the vehicle trajectory , i.e. the virtual GPS data, then with the estimated points construct 
the linear segments  and curve segments   that conform the  
6. Calculate the error in the road estimation between the virtual GPS data and the estimated coordinates, 
 
                                                     (11) 
     
5. Experiments & Results  
 
The lab to implement the experiments was made with Unity, which is a game engine developed by "Unity 
Technologies", used commonly in video-game industry but with other applications, e.g. used in the recreation 
of a virtual robot design by Mattingly et al. [9], and used by Jie Jiang et al. [10] to afford scene optimization 
problems for 3D games in mobile phones. 
Considering the proposed algorithm, first we execute the step one where the roads in the Virtual World were 
implemented using thirteen nodes from real GPS data connected with lineal segments, so that a lineal equation 
was used to characterize the segments between nodes. The route by which the vehicle circulates is presented in 
figure 1.(a), where it can be seen that two linear segments are connected by a curve, the time and vehicle 
position is recorded from the beginning to the end of the path taking 92 seconds to complete the travel.   
   
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Road segments; (b) Vehicle view. 
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(a) (b) 
The approximated circle of the curve segment is obtained in step five of the algorithm and can be seen in 
figure 2.(a), the blue dots are the vehicle trajectory coordinates (  and the red dots are the estimated 
coordinates , in figure 2.(b) only the part of the circle that contemplate the vehicle t rajectory is 
presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) Estimated full circle; (b) Curve segment.        
 
The average error between the vehicle trajectory and the estimated path in the curve of figure 2.(b) and using 
equation (4) is 0.0975m, with a  standard deviation of 0.0838. The network of roads consist of two linear 
segments and is employed equation (7) to implement the estimation , the first segment is presented in figure 
3.(a), with the approximated path in red and the vehicle trajectory in blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) First linear segment; (b) Second linear segment. 
 
The average error between the vehicle trajectory and the estimated path in the segment presented in figure 
3.(a) is 0.2367m, with a standard deviation (sd) of 0.2119, to calcu late the error is employed equation (11). 
The second segment is presented in figure 3.(b), the average error of this segment is 0.3350m with a sd of 
0.2263. The degree of the polynomial equation employed to calculate the estimated linear segments presented 
in figures 3.(a) and 3.(b) is ten, i.e . from equation (7) m=10, reducing the polynomial equation degree 
increases the average error between the estimated and vehicle trajectories as summarized in table 5. 
 
Table 5. Relation of the polynomial order with the average error. 
 
 First linear segment Second linear segment 
Polynomial order Average error Average error 
Order Ten 0.2367m 0.3350m 
Order five 0.6130m 0.4885m 
Order three 0.9299m 0.8475m 
 
The vehicle trajectory and the path estimation including linear and curve segments is presented in figure 4, 
(a) (b) 
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Figure 4. Full trajectory. 
 
The total distance traveled by the vehicle is calculated summing the distances between each of the points that 
integrate the full trajectory, resulting in  a total length of 2852.85m, the distance traveled in  each segment is 
presented in table 6. 
 
Table 6. Traveled distances on segments. 
 
Segments Traveled distance 
First linear segment 1394.33501m 
Curve segment  22.0372316m 
Second linear segment  1436.47787m 
 
In figure 4 can be observed that in the curve and at  the beginning of the first linear segment the points are 
closer, this happens because the vehicle speed was lower in this cases, in table 7 is presented the average, 
maximum and min imum speed reached on each segment, where it can be seen that the average speed in the 
curve segment is considerably less that in the linear segments, this is direct ly related with the error obtained 
between the vehicle trajectory and the estimated path , i.e. in the curve segment the low vehicle speed causes 
an error lower that for the case when the vehicle is at high speeds as in the second linear segment, so that the 
accuracy of the vehicle to follow the path is related with the vehicle speed. 
 
Table 7. Speed on segments. 
 
Segments Average speed km/hr Maximum speed km/hr 
Minimum speed 
km/hr 
First linear segment  102.45461 162.382189 1.30341419 
Curve segment  9.92543138 13.534048 7.8650894 
Second linear segment 147.722241 194.530838 34.2867352 
 
In order to prove if the proposed method improves the accuracy to create a digital map of the network of roads 
the estimated path is compared with the roads constructed in the Virtual World, since init ially was assumed 
that no knowledge of these was known to perform the path estimation. In the case of the curve segment the 
average error measured between the estimated route and the original path is 1.9435m, and the error between 
the original path and the vehicle t rajectory is 1.9578m, achieving an improvement of .0143m, or 1.43cm, 
graphical results are presented in figure 5.(a). 
The estimated and the original path for the linear segments  are shown in figure 5.(b). In table 8 is presented the 
average error obtained by comparing the estimated with the original path, and the vehicle trajectory with the 
original path. An improvement of 1.2mm is obtained for the first segment, and 1.355dm in the second 
segment, resulting most significant in this case. 
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Figure 5. (a) Comparison between estimated and original path in the curve segment; (b) Estimated vs. original path for linear segments. 
 
Table 8. Average error comparison. 
 
Comparison Average error 
 First linear segment Second linear segment 
Estimated path vs. Original path 0.2871m 0.7940m 
Vehicle trajectory vs. Original path 0.2883m 0.9295m 
 
6. Conclusions 
 
We are considering one big step in the implementation of a network of roads based on real GPS data in a 
Virtual World where an algorithm to estimate the roads position based on a vehicle trajectory was proposed. 
The obtained results of the experimental section demonstrated that the proposed method presents an 
improvement in the road position estimation.  
The exactitude of the estimated trajectory is related with the speed and trajectory of the vehicle along the 
roads, i.e. if the vehicle follows the roads with precision the estimated trajectory will be similar with the 
original and the error is reduced, but if the vehicle follows the roads without precision due to a discontinuity, 
e.g. when the path is obstructed by an obstacle and the driver needs to surround it or if is driving silly, the 
proposed method reduces the error between the estimated and the original path. 
The results obtained in this paper suggest that is possible to translate a network of roads from the real world to 
a virtual world using the proposed method, so far it is only proved in laboratory conditions, but a 
implementation with a real vehicle can be done with the proper positioning system, so the recreation of a 
Virtual City based on a real city can be implemented. 
Future works consider the recreation of a Virtual World based on a particular area of a city where the driver 
wants to test his driving skills or h is orientation capacity through certain suburbs, then the Virtual World meets 
with two purposes, i.e. it can be  employed as a laboratory to reproduce traffic conditions and at the same time 
represents suburbs of the real world. Additionally, the vehicular traffic of the suburbs where the driver is 
located can be modeled with the help of intelligent autonomous vehic les which provides realism to the 
simulation and is the next  stage of this paper. The developed algorithm allow to construct the suburbs in the 
VW based on real GPS data where vehicular t raffic experiments can be conducted , also provides the 
experimental results proving that the digital map of the route traveled by a vehicle can be estimated. 
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